Abstract. The energy sensitivity of a direct current (dc) superconducting quantum interference device (SQUID) can be improved if it is operated in a two-stage configuration.
Introduction
Conventional readout electronics do not permit the operation of a direct current (dc) superconducting quantum interference device (SQUID) at noise levels approaching its quantum limit. The noise contribution of the room temperature FET amplifier is dominant and only a very small improvement in the total noise is obtainable lowering the temperature of the dc SQUID sensor below 4.2 K 1 . To overcome the problem, a two-stage configuration is usually employed, in which a first SQUID operates as a sensor and a second as an amplifier. Several authors 2−8 have realized double SQUID systems and some were able to obtain near quantum limited energy sensitivity. In the field of gravitational waves detection, where SQUIDs are used as a first stage amplifier of the motion transducer, 8, 9 the proposed very low noise systems 4, 5, 8 have to meet special requirements 1 and are still under development.
The two-stage SQUID system described in this article was developed for the AURIGA 10 gravitational wave detector. We decided to build this system employing SQUID sensors and read-out electronics manufactured by Quantum Design (Q.D.), 11 motivated by previous experience with such devices. In fact, the AURIGA detector was operated for 3 years with a conventional Q.D. dc SQUID obtaining an effective temperature T ef f 1 mK. T ef f multiplied by the Boltzmann's constant is the minimum energy detectable by the detector and this 1 mK level is the best obtained with a resonant bar 12 . The reliability of the SQUID system was satisfactory and its energy sensitivity was quite close to the specifications, i.e. approximately 4000h. Important features of the Q.D. dc SQUID, as amplifier in resonant gravitational waves detectors, are a reasonable value of input coil inductance 1.6 µH and a quite good coupling factor k 2 0.87 with the SQUID loop. Also the gradiometric configuration of the input and the feedback coil is a necessary requirement since it strongly reduces the inductive coupling between the two coils and consequently prevents SQUID drive signals from coupling 13 into the resonant transducer. Moreover, other parameters such as the dynamic input impedance 14 , the back action noise contribution 15 , and the stability of the Q.D.
dc SQUID operated with high Q resonant sources have been characterized in experiments 2 collateral to the gravitational wave detector operation. The knowledge of this data has been important to optimize the performance of the detector and constitutes a precious resource to invest in further progress. An improvement of the detector sensitivity is in fact strongly desirable since the present one makes it possible only the detection of gravitational waves coming from galactic sources, which have a very low statistical occurrence. According to the Giffard limit 16 , if an optimal matching between the amplifier and the detector is achieved, the expected detector best effective noise temperature is T ef f = 2T na , where T na is the first stage amplifier noise temperature. For a dc SQUID, operated with the theoretical 17 noise level, T na can be related to the noise energy per unit bandwidth n by the approximated expression T na ω n /k B where k B is the Boltzmann constant and ω the angular frequency of the operating signal. A dc SQUID with the lowest noise temperature is therefore necessary to approach the highest detector sensitivity.
System description
The schematic of the two-stage SQUID circuit is shown in Fig. 1 Washer" it makes the device more suitable for an optimized system design.
The conventional Q.D. assembly was maintened for the amplifier SQUID, while some changes have been made for the sensor SQUID. The toroidal transformer, the heater and the ten pin
Lemo connector have been removed from the circuit board on which the chip is mounted.
This circuit board was installed in an especially manufactured Nb shield which improves the thermal sink of the chip for the operation in the dilution refrigerator. A thin lead tube running between the two SQUIDs holders contains the twisted-pair wires which connect the sensor SQUID output with the amplifier SQUID input coil.
The wiring connecting the low temperature devices and the room temperature electronics consists of twisted-pair phosphor bronze wires. Two different overbraids enclose separately the sensor and the amplifier SQUID wiring in order to avoid interferences and cross-talk.
For the measurements carried out in the dilution refrigerator, the wiring has heat sinks at three different stages: at the 1K pot, at the cold plate and at the mixing chamber. For the amplifier SQUID wiring, we adopted heat sinks which we realized for previous experiments with a conventional single Q.D. SQUID; they are similar to those described in ref. 1 . For the sensor SQUID wiring, heat sinks consist of more conventional oxygen-free high-conductivity copper bobbins wrapped with the overbraid. The heat input was minimized, using stainless 4 steel overbraid for the segment linking the vacuum feedthrough on the top flange with the mixing chamber; copper overbraid and copper twisted-pairs were employed for the segment between the mixing chamber and the SQUID Nb shield, in order to improve the cooling of the sensors.
The dilution refrigerator employed for the experiment is an Oxford Instrument with 200 µW of cooling power at 100 mK.
Regarding the thermometry, a germanium resistor anchored on the mixing chamber was employed in the dilution refrigerator. Moreover, in order to check the existence of the thermal equilibrium between the sensor SQUID and the mixing chamber, the thermal noise of the matching resistor R m , which was soldered very close to the sensor SQUID chip on the board inside the Nb shield, was sampled. This was accomplished turning off the bias current of the sensor SQUID and measuring the noise current of R m by means of the amplifier SQUID.
The temperature derived from the Johnson noise formula was compared to the temperature measured with the germanium resistor.
Experimental results and discussion
The two-stage SQUID system noise performance was measured in a liquid helium bath in the the dc flux were properly set in order to obtain the minimum noise. The flux noise spectrum was sampled and the coupled energy sensitivity was computed in the nearly white region between 4 and 6 kHz, and at 1 kHz, which is the typical operation frequency of resonant bar detector for gravitational waves. The coupled energy sensitivity n of the SQUID is given by
where L in1 = 1.63 µH is the input coil inductance, Φ n is the flux noise, and M = 10.7
nH is the mutual inductance between the input coil and the SQUID loop. In Fig. 2 
where k is the coupling coefficient of M , L is the SQUID loop inductance, and T is the temperature. The experimental data are linear down to approximately 300 mK and then the noise saturates. A linear fit including only the data in the 4.2 -0.3 K range gives the result
The small but not negligible intercept means that a nonthermal contribution to the total noise is present. We will discuss later the possible sources of this additional noise and we examine again the data in the whole explored temperature range.
The saturating behavior below 300 mK can be due to a temperature difference between the SQUID and the dilution refrigerator mixing chamber. More precisely, we believe that the and the expected effective SQUID temperature T e is:
where Σ is a term proportional to the heat capacity and Ω is the shunt resistor volume.
Therefore the functional form which should be consistent with the experimental data is corresponding to a noise energy of 244h, in the nearly white region.
As previously stated, we have reported the energy sensitivity calculated in the frequency range 4-6 kHz, where we have found a nearly flat flux spectrum. However, if we look at Fig.   4 , we can note that at 0.1 K the 1/f contribution to the total noise, is not negligible. A dependence of the 1/f noise on the temperature is not evident in our measurements and therefore we have estimated a mean value for the explored temperature range which corresponds to approximately 5h at 5 kHz. With this correction, the temperature independent noise 0 expected by Eq.(4) has to be reduced to approximately 8h. Another part of 0 is also due to the current noise generated by the room temperature resistors directly connected to the SQUID and by the readout electronics of the amplifier SQUID. The 1 MΩ feedback resistor contributes approximately 2h, the bias resistor less than 0.5h, and the readout electronics approximately 0.5h. Finally we attribute the remaining 5h to EMI; this is reasonably small value and gives an estimation of the efficiency of shielding and filtering of the system.
To complete the list of the noise sources which are external to the sensor SQUID, we must include the contribution of the matching resistor R m . This noise scales with the temperature, and we estimated that contributes less than 10 % to the noise energy.
Applications which require high energy sensitivity can greatly benefit from this system, and, in particular, it is very promising in the gravitational wave detection field. For the Auriga detector, the employment of this two-stage SQUID amplifier would improve the energy sensitivity by nearly two order of magnitude. A somehow better result could be obtained if it were possible to decrease the 1/f noise cut off frequency. Unfortunately the conventional modulation scheme, which is usually employed to reduce 1/f noise, seems quite difficult to implement due to the limited SQUID amplifier bandwidth and dynamic range, and, moreover it could be difficult to maintain a good noise insulation of the sensor SQUID if additional modulating signals have to be added.
Further experiments are in progress in order to measure the back action noise by means of a high quality factor resonator coupled to the two-stage SQUID system. 
